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ABSTRACT Distributed flexible AC transmission system (D-FACTS) devices offer many potential benefits to power systems. This work examines the impact of installing D-FACTS devices by studying the sensitivities of power system quantities such as voltage magnitude, voltage angle, bus power injections, line power flows, and real power losses with respect to line impedance. These sensitivities enable us to identify and develop appropriate applications for the use of D-FACTS devices for the enhanced operation and control of the grid. Specific applications of D-FACTS devices for line flow control, real power loss minimization, and voltage control are investigated.     
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1. INTRODUCTION Power flow in alternating current (AC) systems is unlike other flow problems such as in transportation or telecommunications.  In a transportation system, trucks can be routed along a desired path from a source to a destination.  Similarly, in a communications system, packets can be routed such that they travel along a shortest path between a sender and a receiver.  However, electricity must follow the laws of physics, so power flow is not routable and cannot be directly controlled. Power flow control is also different from other types of flow problems since electricity must also be produced exactly when it is needed. Generation must constantly track the load as the customers’ demands change.  In other systems for distributing goods and services, products are stored in a warehouse until they need to be sent to the end user.  If the desired supply is unavailable, the end user can wait and it will arrive later.  In power systems, customers are in control of how much power they use and always expect that amount of power to be available.    The power flow control problem is further complicated by the highly interconnected structure of transmission networks which are typical in North America. Interconnecting smaller systems allows faulted areas to be quickly isolated, which causes less service interruption to customers.  Interconnection also ensures that when elements are unexpectedly made unavailable, the difference can be compensated by generators and other sources in the system.  However, a utility cannot effectively control how much power flows through its network due to the interconnections with other systems.  These flows are often referred to as “loop 
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flows.”  Loop flows occur because power flows redistribute throughout the grid such that the laws of physics are not violated.  When a transfer between two areas occurs, it impacts the flows on other lines in the system, potentially even for lines which are far away.  These unintended flows due to interconnections can restrict transmission capability since the available transfer capability (ATC) of an interface is limited by the first line to reach its transmission limits.  Even a single overload can prevent many transfers from being able to take place.    The ability to effectively control power flow in a network would allow better utilization of the existing network by routing power flow away from overloaded facilities.  Furthermore, comprehensive power flow control can change the conventional power flow problem into a problem more like one in transportation or communication where flows could, to some extent, be routed.  The ability to route power flows to the extent permitted by the satisfaction of secure operating limits could completely transform the way power systems operate.  It is crucial that the system be able to maintain secure operation even as elements are put in and taken out of service.  Power flow control mechanisms can be made to operate quickly and can help ensure that the system is secure under contingencies [1 ].   Approximately two decades ago, flexible AC transmission systems (FACTS) were introduced.  A FACTS incorporates power electronics and controllers to enhance power system controllability and increase transfer capability [2]. Some ways FACTS devices improve power system operation are by providing a means to control 
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power flow, to improve stability [3], and to better utilize the existing transmission infrastructure. The benefits associated with the use of FACTS devices have been demonstrated in some successful applications, although some technologies have seen far more implementations than others. One successful FACTS application is in west Texas where dynamic reactive compensation systems (DRCS) correct abnormal voltages caused by the rapid changes in wind production which is prevalent in the area [4
 
]. This scenario highlights the need for power flow control devices for the realization of increased renewable energy penetration. 
Although FACTS devices are well-understood from a technical perspective, they have not experienced the massive deployment that their theory may warrant. Fortunately, technology in many areas of electrical engineering has become faster, less expensive, smaller, and ultimately better over the past two decades.  Advances in computing, wireless communications, microprocessors, electronic devices, and other electrical engineering technology advances have affected all aspects of life. Improvements in available electrical technology allow us to revisit FACTS concepts from a fresh perspective, and recently introduced distributed flexible AC transmission system (D-FACTS) devices offer such an opportunity  [5], [6
 
].  Compared to other power flow control devices such as conventional FACTS devices, D-FACTS devices are particularly small and light-weight. D-FACTS devices are also made of easily purchased mass-produced parts which offer the benefit of economies of scale.   
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D-FACTS devices are an improvement over conventional FACTS devices because they have a unique ability to provide distributed reactive support to locations in the system where support would be the most useful.  Rather than being housed in a separate building on the ground, D-FACTS devices clamp onto transmission lines.  Furthermore, D-FACTS devices can be made to communicate wirelessly with other devices or with a central controller.  Communication allows coordination among the controllers in order to select settings which achieve a unified objective. The ability of D-FACTS devices to enhance operation and control of power systems by providing active power line flow control, loss reduction, and voltage control is examined in this work. 
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2. POWER FLOW CONTROL CONCEPTS To control power flow, it is necessary to be able to maintain or change line impedances, bus voltage magnitudes, or phase angle differences. In this work, a power flow control device refers to any device that changes or maintains one or more of these parameters.  Power flow control devices can be coordinated to affect system states in a way which attains some objective.  There are many power flow control devices, including the well-studied FACTS devices.    Power flow control devices often work by changing an effective admittance or impedance.  Effective impedance can either be changed through the use of physical capacitors and inductors or through the use of a voltage source to perform active impedance injection.     2.1 Passive Impedance Injection Passive impedance injection refers to inserting fixed impedance devices such as series capacitors. The control of the fixed impedance devices may be accomplished using power electronics switching circuits. Passive impedance FACTS devices include fixed series capacitors as well as thyristor-controlled compensators such as static volt-ampere reactive (VAr) compensators (SVCs) and thyristor-controlled series capacitors (TCSCs).   SVCs are thyristor-controlled capacitors and reactors connected in shunt, and their main purposes are to provide stability and voltage control [2]. The SVC can quickly 
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inject variable amounts of reactive power and thus alleviate problems of voltage collapse and voltage instability [7
 
].  TCSCs, also known as thyristor-switched series capacitors (TSSCs), are a set of thyristor-controlled capacitors and reactors which can provide variable amounts of series capacitance.   
2.2 Active Impedance Injection and the Synchronous Voltage Source (SVS) Many FACTS controllers perform active impedance injection. Active impedance injection is a term used to describe either series or shunt compensation achieved by injecting an AC voltage.  The voltage injection is accomplished using a synchronous voltage source (SVS), which may be configured on a transmission line as in Figure 1. A synchronous voltage source generates sinusoidal voltages at the fundamental frequency with controllable amplitude and phase angle [8 ]. 
 Figure 1. A Synchronous Voltage Source (SVS)   The SVS is capable of producing or absorbing reactive power by controlling the injected voltage magnitude, shown in Figure 2.  When the injected voltage VCOMP is in quadrature (90 degrees out of phase) with the line current ILINE, only reactive power is exchanged.   Then, the SVS is acting as a capacitor or an inductor. Conversely, 
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when the voltage is in phase with the line current, only real power is exchanged.  The SVS cannot create real power, so VCOMP must be in quadrature with ILINE unless an external source of real power is connected. If an external energy source or load is attached, real power exchange is possible by controlling the voltage angle with respect to the line current which corresponds to varying an effective resistance.    
 Figure 2. Insertion of a Compensating Voltage  The idea of using a voltage source for reactive power compensation can be understood by recognizing what a series capacitor is intended to accomplish.  A series capacitor on a line is useful because it produces the necessary voltage at the fundamental frequency to cancel some of the inductive voltage drop across the line, which causes the line to become electrically shorter.  The same effect as a series capacitor is obtained by having an AC voltage source at the fundamental frequency in quadrature with the line current.  Consider the voltage drop across a capacitor:  
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  (1)   The voltage drop that would occur across a series capacitor can be produced by injection of a voltage which lags the line current by 90 degrees and which is equal to the line current times a reactance.  Active impedance injection is advantageous over passive impedance injection because it avoids the problem of subsynchronous resonance (SSR), which lines using capacitors for series compensation face.  SSR is a low frequency transient created when the system reactance and the line capacitance establish a resonant circuit.  The low frequency transient causes the impedance seen by a relay to spiral on the R-X plane instead of appearing as a fixed point which can impair operation of relay elements [9 10].  SSR also causes serious damage to generators and can even cause shafts in machines to break [ ].  The SVS does not cause the SSR phenomenon, and with proper control, it could be used to damp oscillations due to SSR by producing voltage components at non-fundamental frequencies [8].   FACTS devices which operate based on the SVS include the static synchronous series compensator (SSSC) [10] and the unified power flow controller (UPFC) [11
 
].  The SSSC provides a compensating voltage over both a capacitive and inductive range irrespective of the line current.  Power control functions encompassed by the UPFC include terminal voltage regulation, reactive compensation, and phase shifting.  
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2.3 Distributed Flexible AC Transmission System (D-FACTS) Controllers Widespread use of conventional FACTS controllers has not extensively occurred due in part to size, expense, and installation effort.  Technology improvements since the inception of FACTS allow the genre of power flow control concepts to be revisited.  As shown in the rest of this thesis, the use of distributed flexible AC transmission system (D-FACTS) devices may facilitate the realization of a comprehensively controllable power system.  Large-scale power flow control may finally be achievable.  In this work, we analyze in particular the use of distributed static series compensators (DSSCs).  DSSCs are series power flow control D-FACTS devices which change the effective impedance of transmission lines through the use of active impedance injection with a synchronous voltage source (SVS) [10]. DSSCs are comprised of a low-rated single phase inverter and a single turn transformer and provide control similar to the SSSC, but are smaller and will be less expensive.  Hereafter, DSSCs will only be referred to as D-FACTS devices.  A D-FACTS device changes the effective line impedance actively by producing a voltage drop across the line which is in quadrature with the line current, as explained in Chapter 2.2.  Thus, a D-FACTS device provides either purely reactive or purely capacitive compensation.  D-FACTS devices do not change the line’s resistance at all since doing so would imply the ability of the device to create real power.  Hereafter, when we refer to the ability of D-FACTS devices to change line 
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impedances, we are only referring to the reactive line impedance.  As line impedance-changing devices, D-FACTS devices have an impact on states, power flows, losses, and more.  One attractive feature of D-FACTS devices is their potential capability to send and receive signals wirelessly through a built-in wireless transceiver [5].  D-FACTS may receive commands for desired impedance injection changes. The impact on the system caused by D-FACTS devices on different lines working together can be coordinated to achieve some desired control objective. Although communication is desirable in order to achieve advanced control objectives, D-FACTS devices may be configured to operate autonomously [5] in certain situations such as during transients, faults, or when communications are lost.      
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3. ANALYSIS OF LINE IMPEDANCE SENSITIVITIES Sensitivities are linearized relationships between variables and are often used in power systems analysis [12
 
].  Linearized relationships can reveal the impact of a small change in a particular variable on the rest of the system.  Linear approximations in nonlinear systems are useful because they can provide insight into how variables depend on other variables when such relationships may otherwise be difficult to characterize.  Since D-FACTS devices change effective line impedance, line impedance sensitivities are useful to determine potential benefits of D-FACTS devices.  
3.1 Equations and Notation  The AC power injection equations for real power P and reactive power Q at a bus i are stated in (2) and (3),    (2)     (3)  where n is the number of buses. Real and reactive power balance is expressed by the concatenated vector f(p,q)(s(θ,V)) of Δp and Δq which must equal zero,   (4)   (5)   (6)   
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where s(θ,V) is a vector of bus voltage states represented in polar coordinates by magnitudes V and angles θ,    (7)    and G+jB is the system admittance matrix.  Admittance matrix elements depend explicitly on reactive line impedances x as well as resistances r:     (8)   (9)   A line between buses i and j has both a sending end and a receiving end power flow which differ by the line’s losses. All real power line flows for the system comprise Pflow:    (10)   Analogously, all the reactive power flows in the system are given by Qflow:    (11)   The system real power losses are equal to the summation of the real power flows on all the lines:    (12)   
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The above equations are used to analyze the impact of D-FACTS devices in power systems.  The sensitivity of real power losses (12) to line impedance and the intermediate sensitivities incorporate the relationships which govern how states, line flows, and power injections depend on line impedance.  The final sensitivities may be applied to solve power system problems through the use of D-FACTS device control.  3.2 Admittance Matrix Sensitivities  Since D-FACTS devices change the effective reactive impedance x of a line, it is useful to consider the power flow equations in terms of x (and r) instead of G and B.  Expressing individual elements of G and B in terms of impedances as in (8) and (9) and taking the derivative of each term with respect to its reactive line impedance yields the following:      (13)    (14)   3.3 Power Injection and State Variable Sensitivities  The relationships between the power injection equations f(p,q) and state variables s(θ,V) are given by the power flow Jacobian, J.  The equations to calculate elements of J are given by     
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  (15)    (16)    (17)    (18)    (19)    (20)    (21)    (22)   where J  is formed as follows:    J  (23)  
 and nq is the number of PQ buses and nv is the number of PV buses.  The negative inverse of the power flow Jacobian describes the way the state variables change in a solution of the power flow due to real and reactive bus power injection mismatch.      (24)   
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The relationship in (24) is important to understand but can cause confusion, so its origin is briefly explained here.  First, suppose we want to solve the equation, g(x) = 0 for x.  Consider the first order Taylor series:     (25)   Define the change in x and the change in function value g(x) as the next value minus the current value:    (26)    (27)   In power systems, we use Newton’s method to solve the power flow. Newton’s method finds x such that (25) equals zero:    (28)   The expression in (28)  can be solved for xn+1, and we have a step of Newton’s method:    (29)   Using the relations defined in (26) and (27), we can also rewrite (28) and (29) as follows:     (30)    (31)   
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However, for Newton’s method we assume that g(xn+1) = 0 (i.e., that the next step is the solution), which means that  so we can also rewrite (28) as      (32)    (33)   The existence of the minus sign in (24) comes directly from (33).  The function value  is just the mismatch vector f(p,q) which we want to equal zero for solution of the power flow, so (33) is analogous to the change in state variables that occurs in the power flow solution.    In addition to the relationship between power injections and state variables, we also need to define the relationship between power injections and line impedance. The power injection to impedance sensitivity matrix  is found by taking the derivative of each entry in (6) with respect to line impedance:    (34)   Each row of  contains the sensitivities of a real or reactive power injection at bus i to line impedances.  The only nonzero elements in a row for bus i correspond to the lines connected to bus i.  For a bus i, elements of  are given by     (35)    (36)   
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where  is structured as follows:    (37)  
 and k is the number of lines with D-FACTS devices.    The product of the two matrices –J -1 and  describes how bus power injections change due to a change in line impedance and then how states change due to the change in bus power injections.  The resulting state to impedance sensitivity matrix 
Φ describes how the state variables V and θ change after a solution of the power flow due to a small change in line impedance.     (38)    (39)   The matrix Φ is the only full matrix involved in this work, and its computation involves  and the inverse of J.  The dimension of the columns of  is the number of lines equipped with D-FACTS devices, k.  The rows of  are sparse since not every bus is connected to each of the k lines.  Thus, each column of  is a sparse vector, and sparse vector methods may be used to compute Φ using the fast-forward and full back schemes as described in [13 ].   The relationship between state variables and line impedances is fundamental to the analysis; otherwise, a D-FACTS device would not be able to exercise control over 
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any variable other than those on its own line.  This important point is discussed in more detail in Chapter 6.     3.4 Power Flow Sensitivities  The power injection equations at bus i include all the power flow equations for lines connected to that bus.  Here we consider the sensitivities of the power flows on all the lines to state variables and to impedance. The relationships between state variables and real power flows are represented by the power flow to state sensitivity matrix Σ.  Each row in Σ represents the sensitivities of one power flow and has up to four non-zero elements depending on the number of state variables for the from-bus and the to-bus of the line.      (40)   The number of rows in Σ is equal to the number of line flows to be controlled, and the number of columns is equal to the number of states.  Elements of Σ are given by the following:    (41)    (42)    (43)    (44)   
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The direct sensitivities of real power flows with respect to line impedance are given by the power flow to impedance sensitivity matrix Γ.  Each row in Γ has one non-zero element corresponding to the line impedance on the same line.  Since every line between buses i and j has a sending end and a receiving end power flow, each column in Γ has at most two corresponding non-zero elements.    (45)   Elements of Γ are given by the following:    (46)   The number of rows in Γ is the number of lines whose flows are to be controlled and the number of columns is equal to the number of lines with D-FACTS devices.   3.5 Loss Sensitivities  The sensitivity of system losses (12) to real power line flows Τ is a row vector of all ones with dimension equal to twice the number of lines in the system.    (47)   The sensitivity matrices  and Τ define the complete relationship between system losses and reactive line impedance.  The total sensitivity of losses to line impedance is given by the row vector Κ with dimension equal to the number of lines in the system: 
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   (48)    (49)    The elements in Κ give the change in system losses due to a small change in x and a solution of the power flow. Solution of the power flow equations and the impact of the state to impedance sensitivity matrix  is important to consider.  Otherwise, our ability to analyze the impact of impedance-changing devices would be limited to use of the direct sensitivities of real power losses to line impedance found from Τ·Γ.   Including indirect sensitivities Τ·Σ·Φ in the analysis allows representation of the impact of lines on other lines.  The total sensitivity representation (48) allows us to consider the use of D-FACTS devices to provide control not only for the lines on which they are placed but also for other lines in the system.      
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4. CONTROL POTENTIAL FROM D-FACTS DEVICES For any power system of interest, it is useful to be able to determine the control potential of the system due to D-FACTS devices.  Analysis of the control potential of power systems with respect to FACTS devices [14], [15], [16
 
] has been examined.  However, the control potential due to FACTS devices has been primarily investigated with respect to enhancing transient stability, since FACTS devices can be used to control certain eigenvalues or modes of the system.   
When effective line impedances change, power flows redistribute in the system.  Our perspective is to show through steady-state analysis the ability to use D-FACTS devices to control the way power flows distribute throughout the system.  Here we explain how to identify independently controllable line flows in the system and the ability of lines in the system to provide the specified control. The analysis described here is also valid for identifying the coupling of control between other quantities such as state variables.  4.1 Identification of Independently Controllable Line Flows  In some scenarios, it may be clear which lines need to be targeted for control.  For example, D-FACTS devices can be used to relieve a known overloaded element such as a line or transformer.  The need to operate the system securely is costly but imperative.  The ability to relieve an overloaded element through the use of D-FACTS control is by itself a strong advantage.  Since an overloaded line or transformer can prevent many power transfers from being able to take place, 
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reducing the flow through the overloaded element by even a few percent improves the operation of the power grid.    While some lines can be flagged by operators as lines which need to be controlled, all lines which should be targeted for control may not be known a priori.  Full utilization of D-FACTS devices includes placing them throughout the system to provide the most comprehensive control over the greatest number of lines.  In order to provide the most complete and effective control for the entire system, it is necessary to identify how the control of line flows are related to each other.   The coupling of the control of line flows is important to understand so that money and control effort are not wasted in attempts to independently control line flows which are highly coupled. The following matrices show trivial cases where control of line flows are completely decoupled (a) and decoupled (b):    
 (50)  
 The row vectors of (50) are plotted in Figure 3.  The coupling of the vectors in both cases is apparent from the angles between them.  
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 Figure 3. Completely Decoupled Line Flows (a) and Coupled Line Flows (b)  In the completely decoupled case (a), the vectors are orthogonal and the angle between them is exactly 90 degrees.  In (a), D-FACTS devices can be used to independently control flows on lines 1, 2, and 3.  In the completely coupled case (b), the row vectors are perfectly aligned and the angle between them is exactly zero degrees.  In (b), D-FACTS devices only need to control one line flow and the other two lines will respond also.  Conversely, it is not possible to independently control the line flows in (b).  When the row vectors are perfectly aligned but point in opposite directions, the angle between them is 180 degrees, but they are still completely coupled.  Thus, coupling can be determined by comparing the cosine of angles of vectors [17
 
].  The cosine of the angle between two row vectors v1 and v2 
  (51)   of the total power flow to impedance sensitivity matrix  is hereafter called the flow coupling index. The coupling index has values between –1 and 1.  When the 
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flow coupling index has an absolute value of 1, there is complete correlation, either positive or negative, between the ways the two line flows respond to D-FACTS control.  When the flow coupling index is zero, the line flows have the ability to be controlled independently.  The coupling indices provide insight into which line flows should be targeted for control.  One should not attempt to control two line flows which are highly coupled.  Flow coupling indices can be used to construct an independently controllable set containing all line flows whose coupling indices with all other line flows in the set are below some threshold value (near zero).  In (50), the row vectors are the line flow sensitivities to impedance, but the same analysis can be done for the state variables or any variables relevant to the control objective.  The coupling indices between the inputs x1, x2, and x3 in (50) can also be determined.  Analysis of the input coupling can identify the extent to which control from different lines in the system is redundant.  However, since D-FACTS devices have finite limits that cannot be exceeded, it may not be desirable to eliminate devices on lines which provide redundant control.  In (50)(b), control from x1, x2, and x3 is redundant.  It makes no difference whether a D-FACTS device is on line 1, 2, or 3.  If the line impedances do not have limits, it may make sense to only place D-FACTS devices on any one of the lines.  Since D-FACTS devices have limits, a D-FACTS device on one line (line 1, for example) can only provide some finite amount of control. Then, line 2 can also be used to provide a finite amount of additional control, etc.  Thus, redundancy in inputs may be good.  
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The four-bus example shown in Figure 4 demonstrates the meaning of the flow coupling indices:  
 Figure 4. Four-Bus System   The sensitivity matrix  for the system is given as    
 (52)  
 where the sending end and receiving end power flows for each line are completely coupled so they are not both shown.  The flow coupling indices of the four-bus system computed from the row vectors of (52) are represented by the following symmetric matrix: 
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 (53)  
 Since (53) is a symmetric matrix with all ones on the diagonal, only the upper triangle needs to be stored. The coupling indices in (53)  indicate that the flow on lines (1,2) and (1,3) cannot be independently controlled.  Similarly, the flows on (2,4) and (3,4) cannot be independently controlled.  On the other extreme, the coupling index between lines (1,2) and (2,3) is very small, which indicates a high ability to be independently controlled.  Suppose we choose to target lines (1,3) and (2,3) in the four-bus system for control since they have a small coupling index.  The details of the control algorithm are discussed in Chapters 5 and 6, but the results are presented in Table 1 on the following page.         
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 Table 1. 4-Bus System Line Flow Control Results Control Case 1  Objective:  Lower Flows on (1,3) and (2,3)  Original Flows Line (1,3): 40.69 MW Line(2,3): 80.17 MW  
New Flows Line (1,3): 37.82 MW Line (2,3): 66.88 MW  Control Case 2  Objective:  Raise Flows on (1,3) and (2,3)  Original Flows Line (1,3): 40.69 MW Line(2,3): 80.17 MW  
New Flows Line (1,3): 42.53 MW Line (2,3): 93.97 MW  Control Case 3  Objective:  Raise Flow on (1,3) and Lower Flow on (2,3)  Original Flows Line (1,3): 40.69 MW Line(2,3): 80.17 MW  
New Flows Line (1,3): 43.60 MW Line (2,3): 67.32 MW  Control Case 4  Objective:  Lower Flow on (1,3) and Raise Flow on (2,3)  Original Flows Line (1,3): 40.69 MW Line(2,3): 80.17 MW New Flows Line (1,3): 36.58 MW Line (2,3): 94.51 MW  Due to the fact that we chose to control decoupled line flows, we were able to satisfy all four possible control objectives, as indicated in Table 1.  The four possible control objectives are (lower, lower), (raise, raise), (raise, lower) and (lower, raise).  That is, we are able to independently control the two line flows.  Now suppose we target lines (1,2) and (2,3) for control.  The flow coupling index for these two line flows is -1.0.  The negative sign in front of flows for line (1,2) simply 
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indicates that the flow is in the other direction. Table 2 shows the results of this control.  Table 2. 4-Bus System Line Flow Control Results Control Case 1  Objective:  Lower Flows on (1,2) and (1,3)  Original Flows Line (1,2): -40.57 MW Line(1,3): 40.69 MW  
New Flows Line (1,2): -32.44 MW Line (1,3): 32.61 MW  Control Case 2  Objective:  Raise Flows on (1,2) and (1,3)  Original Flows Line (1,2): -40.57 MW Line(1,3): 40.69 MW  
New Flows Line (1,2): -48.71 MW Line (1,3): 48.80 MW  Control Case 3  Objective:  Raise Flow on (1,2) and Lower Flow on (1,3)  Original Flows Line (1,2): -40.57 MW Line(1,3): 40.69 MW  
New Flows Line (1,2): -42.37 MW Line (1,3): 42.73 MW  Control Case 4  Objective:  Lower Flow on (1,2) and Raise Flow on (1,3)  Original Flows Line (1,2): -40.57 MW Line(1,3): 40.69 MW New Flows Line (1,2): -42.33 MW Line (1,3): 42.36 MW  In the (raise,lower) and (lower,raise) scenarios, the control objective could not be accomplished because lowering (raising) one flow always lowers (raises) the other flow as well.  However, for the (lower, lower) and (raise,raise) scenarios, the control objective could still accomplished.  The results in Table 2 affirm that lines (1,2) and (1,3) are highly coupled and cannot be independently controlled.    
 29 
4.2 Identification of Effective D-FACTS Locations  D-FACTS devices are unique among power flow control devices in that they are well-suited to be placed at multiple locations in the system where their use could be the most beneficial. If only one power flow control device is purchased, all control objectives must be met with that device, and all of the device’s support goes to the same place.  FACTS devices are often installed to provide reactive power support, but reactive power is most effective locally.      Once appropriate line flows have been targeted for control, we need to identify lines on which to place D-FACTS devices to best achieve this control.  Linear approximations of nonlinear relationships provide a useful local picture. Sensitivities can be used to identify lines that have a high impact for particular applications.  Lines with higher sensitivities are able to provide more control, whereas lines with sensitivities near zero do not have much impact.  For controlling multiple line flows, the best locations for D-FACTS devices depend on the desired control objective.     
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 5. THE USE OF SENSITIVITIES FOR OPTIMIZATION   Sensitivities are useful in solving optimization problems since optimization methods involve the use of sensitivities.  The sensitivities derived in Chapter 2 are used in this work to solve optimization problems in the form of power system control applications.  5.1 Algorithm to Determine Control Settings for D-FACTS Devices The flow chart in Figure 5 describes the algorithm used in this work to determine the settings for D-FACTS devices for different power system control applications.  Figure 5 contains an optimization loop, and the basics of optimization are discussed in Chapter 5.2.  The steepest descent method used in this work is discussed in Chapter 5.3 along with the power flow constraint and the constraints on line impedance change. The three applications shown in the flowchart and their corresponding results are discussed in the remaining chapters of this work.     As indicated in Figure 5, the inputs to the software, which is written in Matlab, are the system admittance matrix, bus voltages, and bus angles.  These inputs are obtained from the particular test case and may be exported from PowerWorld Simulator.  The other inputs required from the test case include the real and reactive generation and load at each bus.  The number of lines k on which to place D-FACTS devices is specified by the user.  Other data that must be specified at the beginning include the slack bus number and the PV bus numbers. 
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 32 
 Optionally, the user may specify a set of lines that should be considered for D-FACTS device placement as well as a set of lines that should be excluded.  If the system is large, this allows the user to specify only a particular subset of the system for consideration.  Transformers should be excluded.  Thus, as long as the necessary case-specific information can be obtained, the software is general and any test case may be analyzed.  Currently, the software allows the user to select from the three available applications of line flow control, loss minimization, and bus voltage control. For the loss minimization problem, the user can choose either to minimize losses for the entire study system or for a particular area.  For the line flow control problem, the user specifies a set of lines on which specified power flows are desired.  Similarly, for the voltage control application, the user specifies a set of buses whose voltage magnitude should be controlled.  At the end of the program solution for all three applications, a lot of information is available, but the most important output is the final reactive line impedances, which may be copied back into the case in PowerWorld Simulator to verify that the objectives have been satisfied.  5.2 Optimization Overview The field of optimization is well established and is accompanied by theory [18], [19] which includes comparison of different solution methods.  Classes of methods 
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include gradient methods, Newton methods, and conjugate gradient methods.   Consider an optimization problem of the following general form:     (54)   The objective of (54) is to find the decision variables x* in the constraint set X which result in the minimum of the objective function f(x).  Knowledge about the shape of f(x) is required to solve this problem. The derivates of the objective function provide information about the shape of the function and are used to determine when an optimal solution has been reached.    For an unconstrained problem where X is the whole n-dimensional space, the first order necessary condition for a local minimum is that the gradient of f(x) with respect to x given by f(x) must be zero. The second order necessary condition for a local minimum is that the matrix of second order variations of f(x), called the Hessian, must be positive semidefinite. If the Hessian is positive definite and the first order necessary conditions hold, then the value of f(x) strictly increases for small variations in x and x  = x* is a local minimum.   If f(x) is convex, the optimization problem exhibits some unique properties which make the problem easier to solve. A function is strictly convex if any chord drawn between two points on the function lies above the function and the set over which the function is defined is also convex.  Then, the first order necessary condition 
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alone is a sufficient condition for a local minimum, and any local minimum is also a global minimum over the whole set.  The losses (12) function for a typical system appears to be convex in line impedance x, as shown in Figure 6.  
 Figure 6.  Losses as a Function of Line Impedance x  The plot on the right side of Figure 6 is what we would expect losses as a function of line impedance to look like, except that the plot would be in higher dimensions as the number of changeable line impedances increases.    The key point to understand here is that sensitivities such as those derived in Chapter 3 provide a means for solving an optimization problem.  In optimization, the gradient of the objective function provides information about optimality.  If the gradient f(x) is zero, the function is minimized since changing x by a small amount will not change the objective function, and the solution cannot be any better.  This complements the statement in Chapter 4.2 that effective locations for D-FACTS 
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devices are lines with sensitivities furthest from zero since changing the line impedance on the high-sensitivity lines will change the objective function.  5.3 The Steepest Descent Method and D-FACTS Applications Steepest descent is the optimization method used for this work to determine D-FACTS line impedance settings.  Steepest descent can be derived by examination of the variation in the value of f(x) due to a small change in the decision vector x.  Consider the first order Taylor series expansion:     (55)   Suppose you are at point xv with function value f(xv) and you want to move to point xv+1; then the new function value f(xv+1) in (55) is given by adding the step in the direction you move multiplied by the slope of the function.  The direction from xv to xv+1 is defined as the direction dv:     (56)   The dot product of dv and f(xv) can be written as follows, where is the angle between dv and f(xv):      (57)   In an optimization problem, the goal is to reach a minimum function value f(xv+1) by choice of xv+1. From (55) and (57), f(xv+1) achieves its maximum when cos  = 1 or when  = 0° and achieves its minimum when cos  = –1 or when  = 180°.  Thus, 
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the largest decrease in f(x) is obtained by taking a step in the negative gradient direction, which is also called the direction of steepest descent, so dv = – f(xv).  Then, steps are of the following form:    (58)   where  is some small, positive, scalar step size.  If f(x) is linear, the solution will be reached in exactly one step.  If f(x) is nonlinear, (55) does not perfectly describe the system, so it takes more iterations to reach the solution.   Substituting dv = – f(xv) into (55) shows that steepest descent guarantees descent, or movement toward an optimal solution:    (59)   There is an important connection between optimization theory and sensitivities:  Sensitivities exactly provide the gradient needed to solve the optimization problem using steepest descent.  For example, when f(x) is the total real power loss in the system and the decision variables are the reactive line impedances x, the gradient of f(x) with respect to x is simply given by Κ.  Then, the negative gradient –Κ can be used to minimize f(x).  For optimization in the power system applications depicted in Figure 5, we are considering two types of constraints.  One type of constraint is a constraint on the percent of line impedance change that is achievable with D-FACTS devices.  This 
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constraint is an upper limit xmin and a lower limit xmax. Line impedance constraints can be understood from the projection theorem, shown conceptually in Figure 7.  
 Figure 7. Projection Theorem  Suppose in some convex, closed set X  we wish to find a point x* = z+ which is closest to the point z which may be outside of X.  This problem is analogous to the following:     (60)   If z is inside the set, the solution to (60) is simply x* = z.  If z is outside the set, the objective function in is both convex and quadratic, which means that z has a unique projection onto X.  For the line impedance constraints, the shape X  in Figure 7 is simply a rectangle in n-dimensions, called a hyperrectangle.  In this case, the unique point x* inside X  that is closest to z is just the edge of the hyperrectangle.  Hence, whenever a line impedance limit is exceeded, we set that line to its violated limit because it is the optimal choice.   
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The other type of constraint is the power flow.  The power flow equations must always be solved.  If this constraint is not satisfied, the rest of the analysis has no meaning.  For example, in the loss minimization problem, in addition to losses being described by (12), losses are also described by    (61)   where l is the number of lines in the system. This function is obviously minimized if all the line currents equal zero, but then the power flow equations cannot be satisfied, and this is neither realistic nor interesting.  Consider the following problem:     (62)   Suppose we have at iteration k some value xk which is feasible; i.e., it satisfies          Ax = b. Also suppose that a step in some direction d (or –d) is also feasible.  That is, we can move from xk in direction d and still satisfy Ax = b; the concept is shown in Figure 8. 
 Figure 8. Feasible Directions  
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The power flow equations are also equality constraints, but they are nonlinear.  However, the concept of needing to move along a feasible direction is the same.  In the power system applications in Figure 5, we start with some state vector s(θ,V) and line impedance vector x which are feasible since they satisfy the power flow equations f(p,q) = 0.  Then, we move x by some small amount in the negative gradient direction and solve for a new feasible s(θ,V).  Figure 9 illustrates an objective and a constraint which are functions of y, where y consists of x and s(θ,V).   
 Figure 9. Feasible Directions for a Nonlinear Function  The first movement of y is only in the x space and does not result in a feasible point, and this is like a step of steepest descent.  Then, there is another movement in only s(θ,V) space which causes the new point to become feasible, and this corresponds to satisfaction of the power flow constraints.    
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6. REAL POWER LINE FLOW CONTROL The motivation for pursuing the use of D-FACTS devices for line flow control originates from a specific problem faced by CWLP in Springfield, Illinois. A special protection system (SPS) is in place on a nearby power plant for stability reasons.  The special protection system has been in place for over 20 years and requires the opening of two of the four generator outlet lines for a close-in three-phase fault due to the way the breakers are configured in the plant’s substation.  This SPS operation, if it were to occur, would subsequently overload the 345/138 kV Lanesville transformer.  This is a very critical problem for CWLP and also for the Midwest since the Lanesville transformer is a tie between PJM and MISO.1 Figure 10   and Figure 11 show the system before and after the SPS operation occurs.     
 Figure 10. Normal System  
                                                 1 PJM (Pennsylvania-New Jersey Maryland) and the Midwest ISO are two Regional Transmission Organizations (RTOs) in the Midwest. 
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 Figure 11. System after Operation of SPS  The CWLP system consists of generating facilities, transmission lines, substations and distribution lines which serve a peak load of nearly 500 MW and have a generating capacity over 600 MW.  CWLP’s transmission system is made up of 138 kV and 69 kV lines and substations which connect the generating facilities to the loads and interconnections. The CWLP-based equivalent system used in this work is shown in Figure 12.  This system has 48 buses and 65 lines, although not all are part of the utility’s area.  Buses 9 through 48 are in CWLP’s area.  The total load is 571.44 MW, and the load in CWLP is 466.54 MW.  The total losses are 12.3 MW, and the losses in CWLP are 6.71 MW which is 1.4% of the load. The overloaded Lanesville transformer is between buses 7 and 8.     
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 Figure 12.  Utility 48-Bus Test System  For this system, the problem is to relieve an overloaded transformer, but in general, the problem is to attain a specified power flow on any line or set of lines using D-FACTS devices on a specified number of lines.  Here we examine the use of D-FACTS devices to control active power flow on transmission lines, which allows better utilization of the existing lines.    6.1 Solving the Power Flow Control Problem Flow coupling indices, introduced in Chapter 4, can be used to identify independently controllable line flows to target for control. Once appropriate lines are targeted for control and effective locations for D-FACTS devices are selected, the problem of power flow control needs to be solved.  The goal of the problem is to 
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attain specified line flows on any number of independently controllable lines through the control of line impedance settings of D-FACTS devices on a specified number of lines.  Achieving a specified power flow on a line is not always possible, so the line flow control equation,   (63)   does not always have a solution. This is acceptable since line flow control is merely an additional benefit.  For any power system application, the power balance equations (6) must always be satisfied, but if some control over the power flow on a line can be achieved, that can be done as well.    Optimization methods can be useful for problems that do not have a solution [20
 
].  The problem is solved here using the steepest descent method, as discussed in Chapter 5. The optimization framework reflects the intuition behind what is being accomplished with D-FACTS devices because it treats the power balance equations with a higher level of importance than the line flow control equations.  The desired outcome is to choose D-FACTS line impedance settings in a way which minimizes the differences between the actual power flows and the desired power flows.  The objective function is f0, where L is the dimension of the vector ρ(x) or the number of line flows to be controlled: 
  (64)   
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The line flow control problem may be stated as follows:       (65)    The constraints of (65) are the AC power balance equations and constraints on how much D-FACTS devices are able to change the line impedances.  The constraints are discussed in Chapter 5. The gradient of (64) needed for steepest descent is given by     (66)   where the matrix A’’ is formed from elements of , the power flow to impedance total sensitivity matrix. It is important to recognize the difference between direct sensitivities and indirect sensitivities [12] and note that total sensitivities in A’’ include both. The direct sensitivities of line flows to impedance are given by Γ.  For the four-bus system in Figure 4, Γ is given by              2.3163 0 0 0 0     -2.3772 0 0 0 0     0 -5.3797 0 0 0     0 5.307 0 0 0     0 0 -6.269 0 0     0 0 5.9689 0 0     0 0 0 -13.982 0     0 0 0 13.511 0     0 0 0 0 1.1014     0 0 0 0 -1.1276   
 
(67)  
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The only nonzero elements of Γ correspond to the flows on the same lines as the D-FACTS devices.  If Γ were used for A’’, a D-FACTS device would only be able to control the flow on its own line, and the control capability of D-FACTS devices would be unnecessarily limited. The indirect sensitivities of line flows to impedance are given by ; line flows depend directly on states, and states depend on line impedance.  Total line flow to impedance sensitivities which comprise A’’ are given by  and are shown here for the four-bus system of Figure 4:              1.2263 1.4251 -1.276 -1.8422 -0.1349     -1.2596 -1.4613 1.3086 1.889 0.13833     -1.219 -1.42 1.2362 1.8827 0.13347     1.2053 1.3986 -1.222 -1.8582 -0.1351     0.6331 0.72521 -3.772 3.6656 0.26853     -0.6028 -0.6904 3.5918 -3.49 -0.2558     0.6265 0.7361 2.4637 -5.5546 -0.4069     -0.6054 -0.7085 -2.382 5.371 0.39745     -0.6025 -0.7083 -2.369 5.3482 0.39081     0.6054 0.70849 2.3817 -5.371 -0.3975   
 
(68)  
 From (68), D-FACTS devices are able to control line flows on any lines in the system with high enough sensitivities, not just their own line.   Steps of the steepest descent method are given by the following, where α is a positive, scalar step size:    (69)   If one knows the total sensitivity of an equation to the control variables, that is enough to know how to minimize the function. Minimizing the objective function, 
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for this application, is equivalent to controlling real power line flows with D-FACTS devices.  6.2 Line Flow Control Results  For the CWLP system, the overloaded transformer between buses 7 and 8 is targeted for control. It is assumed that the only lines which may be equipped with D-FACTS devices are lines in the utility’s area.  The problem in (65) is solved for different numbers of lines with D-FACTS devices, and the results are shown in Figure 13.   
 Figure 13. Utility Case, Line Flow Control   Figure 13 shows that significant flow reduction is achieved through the use of D-FACTS devices on the five most sensitive lines.  The flow through the overloaded transformer is reduced from 284.91 MW to 270.90 MW or by 4.92%.  The addition of D-FACTS devices to increasingly less sensitive lines does not contribute much to the flow reduction, as shown by the flattening of the curve in Figure 13.  Table 3 
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summarizes the results of the scenario where D-FACTS devices are placed on the five most sensitive lines and the allowed line impedance change is 20% of the uncompensated values.   Table 3. Line Flow Control D-FACTS Settings From Bus # To Bus #  Original x High Limit (+20%) Low Limit  (-20%) D-FACTS Setting 2 23 0.1498 0.17976 0.11984 Low Limit 6 15 0.00034 0.000408 0.000272 High Limit 8 13 0.0559 0.06708 0.04472 High Limit 10 46 0.02316 0.027792 0.018528 High Limit 13 15 0.01308 0.015696 0.010464 High Limit  From Table 3, an interesting result for the utility test system for this scenario is that the line impedance settings are all at their limits.  When line impedance settings are at their limits, the benefit of having D-FACTS devices will increase if the amount of possible line impedance change increases.  Also, if line impedances are often set to their limits, line impedance settings could potentially be chosen without completely solving the problem for the optimal line impedance settings.    
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7. SYSTEM LOSS MINIMIZATION In the optimal power flow (OPF) and the security constrained optimal power flow (SCOPF), minimizing system losses (12) is one typical objective function. The loss minimization problem is stated as follows:       (70)   This problem is in the same form as (65). The constraints are the same; only the objective function is different.  Sensitivities are used to solve this problem in an analogous manner to the line flow control problem.   Lines chosen to be equipped with D-FACTS devices are the lines with elements in Κ, the vector of the total sensitivity of losses to line impedances, which are furthest from zero.    7.1 Solving the Loss Minimization Problem Loss sensitivities Κ provide the information needed to solve the optimization problem (70) where the objective is to minimize the real power losses. The total sensitivity of losses with respect to line impedances is given by Κ, and the direction of steepest descent is given by –Κ. Then, the following steps of steepest descent select line impedance settings for the D-FACTS devices which drive Κ to zero and reduce system losses:    (71)   
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 7.2 Loss Minimization Results  Figure 14 plots the losses in the CWLP area for seven cases.  The first point on the plot shows the initial system losses when there are no D-FACTS devices installed.  The second point is the system losses after D-FACTS devices are placed on the most sensitive line and allowed to change that line’s impedance by ±20% of its original value in order to minimize losses.  The other points are obtained similarly.  As more D-FACTS devices are added, they are always added to the next available best line.   
 Figure 14. CWLP Area Loss Minimization Results  Since D-FACTS devices are added to the most effective lines first, the most benefit is expected to be obtained after the first few lines.  The amount of loss reduction levels off as D-FACTS devices are added to lines with decreasing effectiveness.  This is consistent with the results of the line flow control scenario.  For the case where five lines use D-FACTS devices, the losses in the utility’s area are reduced from 6.707 MW to 6.329 MW, or by 5.63%; the settings are given in Table 4.  In this case, all 
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settings are at their limits; thus, if it were possible to relax the constraint on allowed line impedance change, the benefits would increase.  Table 4. Loss Minimization D-FACTS Settings From Bus # To Bus #  Original x High Limit (+20%) Low Limit  (-20%) D-FACTS Setting 2 23 0.1498 0.17976 0.11984 High Limit 6 15 0.00034 0.000408 0.000272 High Limit 8 13 0.0559 0.06708 0.04472 High Limit 9 43 0.04722 0.056664 0.037776 High Limit 13 15 0.01308 0.015696 0.010464 High Limit  It is important to note that CWLP is a small system with low losses.  In a system with higher losses, the impact on losses from D-FACTS devices may be greater. However, even reducing losses by a small amount is beneficial as those losses have to be produced somewhere.  One important consideration for utilities is to determine the amount of benefit from loss reduction that must be achieved in order for the use of D-FACTS devices to become economical.  In Chapter 6, we showed that D-FACTS devices are useful for power flow control.  If the same D-FACTS devices can be used for multiple purposes, the benefits that result for the same initial cost are considerably higher.     
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8. VOLTAGE CONTROL The voltage profile in a power system is often kept at a sufficiently high level with VArs produced by capacitor banks and by generators.  During off-peak periods when the lines are loaded below their surge impedance loading, they start acting capacitive instead of reactive.  At such times, there is too much reactive power in the system and the voltages become elevated.  There is often no suitable means to lower the system voltages and absorb reactive power.  The generators in the system may be able to absorb some reactive power, but generators do not have much capability to operate at a leading power factor without causing instability.  In fact, some operators will not run their units at leading power factor.  The problem is illustrated by a typical generator’s operating range shown in Figure 15 [21 ]. 
 Figure 15. The Problem of High Voltages - Typical Machine Operating Range [21] 
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Voltage control is examined as a potential application for D-FACTS devices.  High voltages are a concern to the CWLP system since a neighboring system has large generating units nearby and no transformers or other regulating devices are in place between the two systems.  Here we examine the use of D-FACTS devices as a means to lower voltages in the CWLP test system. However, D-FACTS devices can act inductive as well as capacitive, so both raising and lowering system voltages are important potential applications.  8.1 Solving the Voltage Control Problem Formulation and solution of the voltage control problem is analogous to the line flow control problem and the loss minimization problem discussed in the previous two chapters.  One bus may be controlled or multiple buses may be controlled simultaneously.  Voltages in a system depend on line impedances, but one cannot write a closed-loop function for system voltages in terms of line impedances.  The relationship between states and impedances is the state to impedance sensitivity matrix Φ.  The sensitivities of voltages with respect to line impedance are given by the lower section of Φ, denoted ΦV:    (72)   Voltage control coupling indices can be determined from the row vectors of ΦV.  These coupling indices, discussed in Chapter 4, can be used to determine which bus voltages are independently controllable.   
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The objective function for the voltage control problem is given by f1, the sum of the differences of the bus voltages from their specified values,    (73)   where M is the dimension of the vector η(x) or the number of bus voltages to be controlled. Then, the optimization problem may be stated as        (74)   where the constraints are the same.  The gradient of the objective function f1, denoted f1, is given by      (75)   Steps of the steepest descent approach are given by      (76)    8.2 Voltage Control Results  For the test system of Figure 12, D-FACTS devices are used to lower the voltage at bus 7.  Bus 7 has an initial voltage of 1.052 per unit.  Two sets of results are displayed in Figure 16 for impedance-change limits of ±20% and ±50% of the original line impedance values.   
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 Figure 16. Bus 7 Voltage Control  For the voltage control application, the limits on possible impedance change highly impact the results.  When D-FACTS devices can change the line impedances by ±20%, the top line in Figure 16 is obtained.  When the best five lines have D-FACTS devices, the voltage at bus 7 is only reduced from 1.052 to 1.0505.  However, if D-FACTS devices can change line impedances by ±50%, the dotted line with lower voltages is obtained, and the voltage at bus 7 is reduced to 1.0487.  Further benefit can be achieved if the limits are relaxed further, as reflected by the D-FACTS device settings given in Table 5 in which all lines are at their limits for both the ±20% and the ±50% cases.        
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Table 5. Bus 7 Voltage Control D-FACTS Settings From Bus # To Bus #  Original x D-FACTS Setting (20% case) D-FACTS Setting (50% case) 6 15 0.00034 +20 % Limit +50% Limit 10 13 0.01924 +20 % Limit +50% Limit 10 15 0.01797 +20 % Limit +50% Limit 10 46 0.02316 +20 % Limit +50% Limit 13 15 0.01308 -20 % Limit -50% Limit    
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9. GENERALIZED PROBLEM The same control approach introduced in Chapter 5 and used for line flow control (Chapter 6), loss minimization (Chapter 7), and voltage control (Chapter 8) is general and can be easily extended to other power system problems.  A D-FACTS application can be designed to solve a general problem of the following form:       (77)   where f2 is the objective function for any problem of interest. The constraints, discussed in Chapter 5, are the AC power balance equations and the limits on how much D-FACTS devices are able to change the line impedances.  The direction of steepest descent is the negative gradient direction given by – f2, where f2 is the total derivative of the objective function with respect to x. Lines with sensitivity elements in f2 furthest from zero should be chosen as locations to install D-FACTS devices. Steps are of the following form:    (78)   where α is a positive, scalar step size. Steepest descent will stop once the solution is reached, and D-FACTS devices can be set to implement the selected line impedances and achieve the desired control.     
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There are potentially other ways to solve these problems besides steepest descent.  Consider the line flow control problem of Chapter 6.  Steepest descent is used to find x to minimize the differences between the actual power flows and the desired power flows by finding where the derivative is zero.  However, the line flow control problem may also be viewed as a problem to solve     (79)   for x, in addition to solving the power flow for s(θ,V). The problem may be solved with an inner loop and an outer loop, where the inner loop solves the power flow and the outer loop solves (79).  The use of two loops ensures that after each step of the line flow control problem, the power flow equations will still solve. When the number of controlled line flows is equal to the number of lines with D-FACTS devices, steps of the outer loop with modified Jacobian A’’  are given as follows:    (80)   In general, the number of line flows to control and number of lines with D-FACTS are not the same, so A’’ is not invertible.  Then, a least squares solution approach or similar alternative can be used, with steps given by the following:    (81)   An optimization problem and this root-solving problem are the same in some ways.  An optimization algorithm to minimize an objective function f(x) may do so by 
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solving ∇f(x)=0, which is a root-solving problem.  For the line flow control problem, we can rewrite a step of the steepest descent approach in (69) as    (82)   where A’’ is formed from the elements of  as in (80).  We can see that the root-solving approach (80) and the optimization approach (82) both rely on the use of ρ(x) and A’’ but in different ways.     If second order sensitivities A’’’ are calculated or approximated, instead of steepest descent we can use Newton’s method or a variation.  Then the optimization step (82) becomes    (83)   and convergence may be faster.  However, Newton’s method does not guarantee descent, so a step may lead the process further away from the solution.  This is true both for the root-solving approach (80) as well as the optimization approach (83).  There is a class of modified Newton’s methods [19] which solve many of the problems of using a pure Newton’s method and may be useful to supplement the frameworks presented here for the implementation of D-FACTS devices.         
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10. CONCLUSION AND FUTURE WORK D-FACTS devices have the potential to realize comprehensive power flow control.  This work demonstrates the usefulness of D-FACTS devices for line flow control, loss minimization, and voltage control. Line flow control seems to be the most successful application, followed by loss minimization and then by voltage control.  The solution techniques are based on sensitivities and optimization; these methods are shown to be general and may be used to identify other appropriate D-FACTS applications and to solve for the appropriate line impedance settings.  As suitable applications are developed, D-FACTS devices can be deployed incrementally in effective locations as the need is identified.   Ideally, the same D-FACTS locations should be effective for multiple control objectives.  The results in Table 6  show that this is often the case; the same lines are often selected as the best choices for multiple applications. Comparing the results from line flow control, loss minimization, and voltage control for the system in Figure 12, we see that the same locations, and in some cases even the same device settings, are often repeated.         
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Table 6. D-FACTS Settings for the Three Applications From Bus # To Bus #  Original x High Limit (+20%) Low Limit    (-20%)  Line Flow Control Setting Loss Min. Setting Voltage Control Setting  2 23 0.1498 0.17976 0.11984 Low Limit High Limit - 6 15 0.00034 0.000408 0.000272 High Limit High Limit High Limit 8 13 0.0559 0.06708 0.04472 High Limit High Limit - 9 43 0.04722 0.056664 0.037776 - High Limit - 10 13 0.01924 0.023088 0.015392 - - High Limit 10 15 0.01797 0.021564 0.014376 - - High Limit 10 46 0.02316 0.027792 0.018528 High Limit - High Limit 13 15 0.01308 0.015696 0.010464 High Limit High Limit Low Limit  The importance of choosing effective locations is clear from the results.  All three applications show that after D-FACTS devices are installed on the first several (5 or 10) lines, no significant additional benefit is achieved by installation on more lines.  That is, placing D-FACTS devices on ineffective lines will not provide the desired control. Fortunately, these effective locations are often the same across applications, indicating that D-FACTS devices are versatile controllers.     Future work includes developing a transient stability model for D-FACTS devices and investigating the impact of D-FACTS devices on stability.  Then, power system control with D-FACTS devices can potentially be extended to dynamic control.   Transient stability requirements may also put restrictions on how quickly D-FACTS devices can change settings and how many D-FACTS devices can change at one time.  Once time-domain requirements are known, the details of how to communicate securely with the devices can also be better understood.   
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